Low BP (blood pressure) is a recognized risk factor for some patients with NPG (normal pressure glaucoma). We have shown previously that patients with orthostasis have impaired circadian renal handling of sodium, which may contribute to the low BP. Therefore the aim of the present study was to examine the renal handling of sodium, the circadian variations in BP and the neurohormonal response to an orthostatic test in a selected subpopulation of 18 patients with NPG with vasospastic and orthostatic symptoms, and in 24 healthy control subjects. The variations in BP and renal tubular sodium handling were evaluated using 24 h ambulatory BP recordings, 24 h urine collections and determination of endogenous lithium clearance as a marker of proximal sodium reabsorption. The neurohormonal and BP responses to changes in posture were also determined in a 30 min orthostatic test. This selected group of patients with NPG had lower 24 h ambulatory BPs (P < 0.001), and a more pronounced fall in BP when assuming an upright position (P < 0.001) compared with controls. FE Li (fractional excretion of lithium) was higher in patients with NPG than controls during the day (36.6 + − 21.8 compared with 20.4 + − 8.7 % respectively; P < 0.01; values are means + − S.D.) as well as during the night (38.8 + − 41.9 compared with 19.7 + − 10.8 % respectively; P < 0.02), suggesting a reduced reabsorption of sodium in the proximal tubule. This was compensated for by an increased distal reabsorption of sodium in patients with NPG (P < 0.01). These data demonstrate that patients with vasospastic NPG have a high excretion of lithium, suggesting reduced sodium reabsorption in the proximal tubule, in spite of a low BP. The abnormal renal sodium handling might contribute to the maintenance of arterial hypotension and progression of the optic nerve damage in these patients.
INTRODUCTION
For several decades, COAG (chronic open angle glaucoma) has been considered as a disease essentially due to an increased IOP (intra-ocular pressure). This initial definition was challenged when a progressive optic neuropathy similar to the other forms of chronic glaucoma, but with an IOP level in the normal range without treatment, was documented [1] [2] [3] [4] . Although a distinction between high pressure and NPG (normal pressure glaucoma) is not made by all authors, recent research suggests that NPG represents a variant of COAG in which the mechanism of the glaucomatous optic neuropathy relies on IOP-independent factors. The role of IOP, the major risk factor for COAG, is still controversial in the pathogenesis of NPG, and some studies suggest that other mechanisms, for example vascular factors and vasospastic symptoms, are implicated [5] [6] [7] [8] . Dysfunction of the autonomic nervous and endothelial systems may also be involved, and NPG seems to be one component of a more generalized vascular defect [8, 9] . A low systemic BP (blood pressure) and orthostatic hypotension have also been described as risk factors for NPG [10] [11] [12] [13] . In particular, episodes of nocturnal hypotension are associated with glaucomatous cupping of the optic nerve head, progression of glaucomatous neuropathy and deficit of the visual fields [14] [15] [16] [17] . However, some studies found normal [18] [19] [20] , and even increased [21] [22] [23] [24] [25] , systemic BP in NPG.
We have reported previously [26] that young patients suffering from orthostatic hypotension have an abnormal day/night renal handling of sodium compared with matched healthy subjects. These orthostatic patients are characterized by renal sodium retention during daytime when they experience episodes of hypotension and a relative loss of sodium during night-time. Thus patients with orthostatic intolerance are never in true steady state, and we have postulated that a relative nocturnal renal sodium escape from the proximal tubule favours the maintenance of daytime hypovolaemia and hypotension. In support of this hypothesis, high sodium intake prevented the symptoms of hypotension and partially restored the diurnal variations in sodium excretion [26] .
As a subpopulation of patients with NPG display symptoms of orthostatic intolerance, we hypothesized that these patients may also have an altered renal handling of sodium which might contribute to low arterial BP and ocular complications. Therefore the aim of the present study was to investigate the day/night variations in renal handling of sodium using endogenous lithium as a marker of the proximal sodium reabsorption in patients with NPG maintained on a regular diet. In addition, we measured 24 h ambulatory BP and neurohormonal and BP responses to postural changes during an orthostatic test.
METHODS

Patients and control subjects
We conducted a prospective case-control study in a subpopulation of patients with NPG with a history of low systemic BP and peripheral vasospastic symptoms. These patients with NPG were recruited at the Ophthalmology Department, Geneva University Hospital, Geneva, Switzerland. Healthy sex-and BMI (body mass index)-matched, but not age-matched, control subjects were selected from the hospital staff at the University Hospitals of Geneva and Lausanne, Switzerland. All patients and volunteers were non-smokers and were not taking any medication known to affect BP or renal function. If anti-glaucoma drugs were taken, they were stopped for 1 month before entering the study. The data obtained in these two groups were also compared post-hoc with those measured in our previous studies using a similar study protocol and involving young females with orthostatic hypotension and age-matched controls [26, 27] .
The study protocol was approved by the Institutional Ethics Committees (University Hospitals of Geneva and Lausanne, Switzerland). All participants gave their written informed consent.
Clinical investigation
At the initial visit, a full medical history and a clinical examination of patients and controls were undertaken. To be eligible, patients had to have unilateral or bilateral typical glaucomatous optic nerve head changes, focal or diffuse loss of neuroretinal rim with corresponding visual field loss, normal-appearing anterior chamber angles and IOP values that were not documented > 20 mmHg without anti-glaucoma treatment. In agreement with the EGS (European Glaucoma Society) Guidelines for the treatment of open angle glaucoma (www.egs.com), the diagnosis of glaucomatous neuropathy was established on the basis of a quantitative and qualitative evaluation of the optic nerve head appearance as well as of visual field examinations. In particular, the contour of the neuroretinal rim, the presence of optic disc haemorrhages, parapapillary atrophy, bared circumlinear vessels, diffuse thinning or localized defects of the retinal nerve fibre layer, optic disc size (vertical disc diameter), cup/disc ratio (vertical), rim/disc ratio and retinal nerve fibre height were assessed. In addition, the visual field indices mean defect and corrected loss variance were also assessed using an automated perimeter (Octopus 101; Interzeag). The diagnosis of glaucomatous optic neuropathy was made if one or more of the findings above were present. Finally, an analysis of the retinal nerve fibre layer was conducted by confocal scanning laser polarimetry [GDx VCC (glaucoma diagnostic variable corneal compensator)] to allow a quantitative measurement of the retinal nervous structures.
All patients presented with a history compatible with a form of vasospastic disease, such as migraine, Raynaud phenomenon and cold extremities, and inclusion criterion was suspected hypotension from reporting dizziness on orthostatism.
Subjects were studied on their usual sodium diet, and during the follicular phase of the menstrual cycle for the women, as attested by low plasma progesterone [3.8 + − 6.6 ng/ml in patients with NPG and 0.9 + − 1.0 ng/ ml in control subjects; values are means + − S.D., P = NS (not significant)] and oestradiol (53.4 + − 71.9 and 28.9 + − 13.4 pg/ml respectively; P = NS) levels. 24-h urine samples were collected separately during the day (from 08.00 to 22.00 hours) and during the night (from 22.00 to 08.00 hours) in order to measure sodium excretion. Concomitantly, 24-h BP was recorded using an auscultatory ambulatory BP monitoring system (Diasys; Physicor). This device has been validated by the British Hypertension Society [28] . Ambulatory BP was measured at 20-min intervals during the day (from 08.00 to 22.00 hours) and every 60 min during the night (from 22.00 to 08.00 hours). All of the participants were allowed to sleep during the night interval. On the next day, the subjects were admitted to the hospital at 07.30 hours after an overnight fast. After 1 h in the supine position, blood was drawn to measure baseline PRA (plasma renin activity), aldosterone, adrenaline (epinephrine) and noradrenaline (norepinephrine), serum creatinine and electrolytes. These measurements were repeated after 30 min with the participant in a standing position. The orthostatic test was conducted using standard procedures, with BP and HR (heart rate) determinations at 0, 3, 5, 10, 15, 25 and 30 min. BP and HR were measured with an oscillometric device (Omron 705-IT; validated by the British Hypertension Society [29] ). The differences between the 3-min standing BP value or the lowest standing BP and the baseline supine value were retained for analysis. The patients were instructed not to move their legs during the test.
Analytical methods
Sodium excretion was expressed as U Na .V (in µmol/min), where U Na is the urinary sodium concentration and V is the urinary flow (in ml/min). Proximal renal sodium handling was assessed by the determination of endogenous lithium in plasma and urine using graphite furnace atomic absorption spectrophotometry [30, 31] and by calculation of the fractional excretion of lithium (FE Li ) and sodium (FE Na ) using the standard formula (FE x = clearance of x/GFR), where GFR is glomerular filtration rate and x is either lithium or sodium. In addition, FDR Na (fractional distal reabsorption of sodium), i.e the percentage of the distally delivered sodium reabsorbed in the post-proximal nephron segments, was calculated as [(FE Li − FE Na )/FE Li ] × 100 in order to calculate FDE Na (fractional excretion of sodium from the distal tubule) as 100 − FDR Na . Plasma catecholamines were determined by HPLC [32] , and PRA and aldosterone were determined by RIA [33, 34] . Plasma progesterone levels were measured using an enzyme immunoassay (Kryptor; CIS Bio International).
Visual field examinations were performed using an Octopus visual field analyser 101 (Interzeag), and morphological examination of the optic nerve and the nerve fibre layer was done by confocal scanning laser polarimetry using GDx VCC (Laser Diagnostic Technologies). In all subjects, IOP was monitored with Goldmann applana- 
Statistics
All results are expressed as means + − S.D. BP values in the population were checked and found to be normally distributed. The calculated sample size required to give α = 0.05, a power of 1 − β = 90 %, and a S.D. for BP of 8 mmHg was approx. 12 subjects. Data were then analysed using a paired or unpaired Student's t test for independent samples, where appropriate.
RESULTS
Baseline characteristics
A total of 18 patients (one male/17 females) with NPG were included in the study. They were sex-and BMImatched with 24 healthy control subjects. The mean age was 45 years (range, 30-62). The mean IOP performed without therapy and measured at five different time points during the same day was 13.6 + − 2.3 mmHg in patients with NPG and 13.1 + − 1.4 mmHg in the normal control subjects. The optic nerve, visual field and GDx VCC in the controls were within the normal range. The clinical characteristics of study participants are shown in Table 1 , and their baseline ophthalmological characteristics are shown in Table 2 .
24-h ambulatory BP and response to postural change
The mean daytime and night-time ambulatory SBP (systolic BP) and DBP (diastolic BP) were significantly lower in patients with NPG (P = 0.002 for daytime SBP, and P < 0.001 for other parameters). Both groups experienced a typical circadian rhythm with a fall of more than 10 % during the night, which was significantly more marked in patient with NPG for SBP (P = 0.03). Two patients with NPG and seven controls were nondippers. The maximal changes in BP and HR when assuming an upright position are shown in Table 3 . At 3 min, 
Renal sodium handling
The daytime and night-time variations in renal function are shown in Table 4 . The 24-h sodium excretion was comparable in both groups, suggesting a similar sodium intake. In control subjects, no significant diurnal variation in urinary sodium excretion was observed. Moreover, GFR, as assessed by creatinine clearance, and the proximal and distal excretion of sodium were stable throughout the 24-h period. Potassium excretion was the only parameter to decrease significantly during the night (P < 0.001). In patients with NPG, sodium excretion rate and the creatinine clearance were not significantly different during the day and during the night (P = NS), but FE Na decreased during the night (P < 0.04). FE Li was markedly and significantly higher during both the day and night in patients with NPG patients compared with control subjects (P = 0.001 and P = 0.02 respectively), suggesting a decreased proximal re-absorption of sodium in patients with NPG. FDE Na was significantly lower in patients than in control subjects both during the day and night (P = 0.01 and P = 0.004 respectively). Table 5 shows a comparison of daytime BP and renal sodium handling in patients with NPG, sex-and BMImatched control subjects, age-matched control subjects with a high-sodium intake (data from [27] ) and patients with orthostatic hypotension but without NPG (data from [26] ). The FE Li was significantly higher in the patients with NPG than in age-matched control subjects, despite the fact that age-matched controls were on a highsalt diet that should increase the FE Li . When compared with orthostatic patients without NPG, proximal sodium handling was also significantly altered in subjects with NPG.
Neurohormonal response to postural change
The results of the neurohormonal response to a postural change in controls and patients with NPG are shown in Table 6 . In controls, the change from supine to the upright position was characterized by significant increases in PRA (P < 0.001) and plasma aldosterone (P < 0.001) and noradrenaline (P = 0.05) levels, but a non-significant decrease in plasma adrenaline levels. In patients with NPG, the postural change also induced significant increases in PRA (P = 0.001) and plasma aldosterone (P < 0.001), adrenaline (P = 0.04) and noradrenaline (P < 0.001) levels, and the mean of the differences between supine and upright position values was generally higher in patients with NPG, but the difference only reached statistical significance for aldosterone (P = 0.005). 
DISCUSSION
The mechanisms linking low systemic BP and NPG are not well understood. The results of the present study confirm that a subgroup of patients with NPG had a lower 24-h ambulatory BP and a greater fall in BP upon standing than sex-and BMI-matched control subjects. However, the main finding of the present study is that, despite a low arterial BP, which should enhance sodium reabsorption by the kidney, patients with NPG as included in the present protocol have an inappropriately high FE Li , suggesting reduced re-absorption of sodium by the renal proximal tubule. As 60-80 % of the sodium filtered across the renal glomerulus is normally reabsorbed in the proximal tubule, impaired re-absorption of sodium by this tubular segment could lead to lower total body sodium content and a relative hypovolaemia and, thus, to systemic hypotension and orthostatic symptoms. This occurs even though there is a partial compensation by the distal tubule, as indicated by the lower FDE Na in patients with NPG. As mentioned above, systemic hypotension is a recognized risk factor for NPG [10] [11] [12] [13] 17] , although there are studies in the literature reporting normal or even higher BP values in NPG [18] [19] [20] [21] [22] [23] [24] [25] . BP is well known to increase with age in both men and women [35] . Our data show that mean ambulatory daytime and nighttime BPs are significantly lower in patients with NPG suffering from orthostatic symptoms, despite a mean age 12 years older than control subjects. In addition, we observed a greater fall in arterial BP when patients with NPG assumed an upright position during an orthostatic test. These two observations are, of course, linked to the inclusion criteria, as patients with NPG were selected based on a clinical history of orthostatic and vasospastic symptoms. Nonetheless, these observations would suggest that some patients with NPG may be relatively hypovolaemic or have an impaired neurohormonal response to an orthostatic stress. Our findings would more readily support the former assumption, since the orthostatic response of the renin-angiotensin and sympathetic nervous systems was slightly greater in our group of patients with NPG than in controls.
One of the hypothesis evoked for the pathogenesis of NPG is an insufficient optic nerve blood supply due to a microvascular dysregulation [36, 37] . Ocular vascularization is terminal and, consequently, very sensitive to falls in blood supply. An inability to alter the diameter of small blood vessels brings about unstable perfusion, resulting in ischaemia, oxidative stress and increased production of oxygen free radicals [38] . In a more general view, blood flow may also be reduced in systemic parts of the body, and repeated hypotensive episodes may lead to or aggravate ocular lesions. Some individuals do support very low systemic BPs with no ocular damage in different clinical conditions, because they have normal ocular autoregulation. Thus both a low perfusion pressure related to arterial hypotension and a diminished capacity to autoregulate blood flow to the optic nerve head are probably necessary to induce hypoperfusion and ocular damage [39] . Our present findings of a low systemic BP and greater fall in BP upon standing are in agreement with this hypothesis; however, we did not assess ocular blood flow autoregulation, and we do not know whether vascular dysregulation is present or not in this group of patients with NPG.
Among the other mechanisms that play a role in the pathogenesis of glaucoma, vasospasm and endothelial cell dysfunction in the ocular circulation have been suggested to be causative [40] . A high prevalence of systemic vasospastic diseases, such as migraine [10] , Raynaud syndrome and some other ischaemic conditions [8, 13, 41] , are known to occur with NPG. In the present study, we did not measure endothelin-1 levels, but we assessed the baseline activity of the renin-angiotensin and sympathetic nervous systems. It has been suggested that PRA is lower in patients with NPG than in high tension glaucoma and in controls [42] . In our patients with NPG, not only PRA, but also plasma aldosterone and catecholamines levels, were lower than in controls, although the difference did not reach statistical significance, except for plasma aldosterone levels. This may be linked to the small number of patients included in the study or to an effect of age, as older people have lower levels of PRA [43] . In patients with a low BP and relative hypovolaemia, one would expect an activation of the renin-angiotensin and sympathetic systems. Patients with NPG lose sodium in the proximal tubule; hence the delivery of sodium to the macula densa, where renin is produced, is high and may decrease renin secretion as if patients were receiving a high-salt diet. Consequently, renin production seems inappropriate considering the low BP.
The main observation of the present study is that patients with NPG, in contrast with normal healthy subjects, have a significantly lower proximal sodium reabsorption during the day as well as during the night, despite low arterial BP. Consequently, sodium reabsorption is significantly increased at the post-proximal sites of the nephron in patients with NPG compared with control subjects. This distal compensation is apparently sufficient to maintain sodium balance over 24 h (sodium excretion is comparable in both groups), but not to compensate fully for the sodium loss, as suggested by the low systemic BP and the exaggerated orthostatic response that may indicate a state of relative hypovolaemia in patients with NPG. Thus the inappropriate proximal handling of sodium possibly contributes directly to the low BP and to the development of ocular complications in patients with NPG.
So far, the mechanism(s) whereby renal sodium handling is altered in patients with hypotension and NPG is not understood. It may represent a primary renal defect or a secondary event due to altered neurohormonal regulation. In this latter case, several hormonal systems may be involved, such as the renin-angiotensin and the sympathetic nervous systems, and endothelin, which are known to influence sodium reabsorption at the renal proximal site and/or to modulate the secretion of renin of the juxta-glomerular apparatus [44] . Of note, in a previous study [26] , we reported that subjects suffering from orthostatic hypotension, but without NPG, also have abnormal renal handling of sodium. In those subjects, mainly women, diurnal episodes of hypotension lead to renal sodium retention at the proximal site of the tubule and hence to a low FE Li during daytime. This was triggered by a reduction in extracellular fluid volume, which occurred when the patients stood. In contrast, at night, an increase in venous return from the lower extremities and, hence, an effective arterial blood volume leads to enhanced GFR and improved excretion of excessive amounts of sodium retained during the day. The relative renal sodium escape from the proximal tubule favoured the maintenance of daytime hypovolaemia and hypotension. We attributed this inability to conserve sodium properly and maintain a steady state to a partial autonomic defect in the kidneys and the lower extremities when assuming the upright posture. As shown in Table 5 , the daytime proximal reabsorption of sodium was significantly different in patients with NPG and in females with orthostatic hypotension without NPG, pointing towards a different mechanism leading to the altered renal sodium handling. Moreover, when the renal sodium handling in patients with NPG was compared with that of age-matched controls receiving a high-salt diet, FE Li was once again much higher in patient with NPG than in controls, although a high sodium intake is known to increase the FE Li .
Our observation of an impaired renal handling of sodium in hypotensive patients with NPG might have some clinical implications, as it may justify an increase in sodium intake in order to raise BP and to reduce the orthostatic intolerance. Indeed, we have reported previously [26] that a high-salt diet (6 g of NaCl/day added to the usual diet) increases systemic and orthostatic BPs and suppresses the symptoms of orthostatic intolerance in subjects with orthostatic intolerance. Similarly, a retrospective uncontrolled study with fludrocortisone, a potent mineralocorticoid which has no direct vasoactive properties, showed an improvement in haemodynamic parameters, but no statistically significant repercussion in IOP in patients with NPG [45] . Unfortunately, no data are available so far to conclude that salt-induced hypervolaemia is indeed a simple means to prevent the consequences and slow the progression of NPG.
As patients with NPG were selected on the basis of a suggestion of arterial hypotension and a vasospastic disease, we have to avoid extending the interpretation of our results to all patients with NPG. Our study may suffer from a sampling bias that may influence the conclusions reached. In that sense, it was not a random sample of everyone who develops ocular disease, and we cannot ascertain that our results reflect a trend in the NPG group as a whole. However, we have some evidence that our findings are related to NPG and not only to arterial hypotension or orthostatic dysregulation, as indicated in Table 5 . Taken together, randomized control studies are needed to confirm these findings in a larger age-matched patient cohort.
Another point is that almost all of the subjects included are female. In the literature there is, to our knowledge, no direct comparison of the renal segmental sodium handling between females and males. Nevertheless, we have published studies comparing sodium handling in women in different hormonal states and with different sodium intakes [46] . We showed that renal sodium handling was modified by the luteal phase compared with the follicular phase of the menstrual cycle, and this the reason why we studied all the of the female patients with NPG in the follicular phase. The different subgroups that are presented and compared in Table 5 are almost all women. Consequently, despite the NPG group containing one man and the control group containing two men, this prevents a gender-related confounding factor. In summary, the patients with NPG included in the present study have an altered renal handling of sodium characterized by an inappropriately low reabsorption of sodium in the proximal tubule, which may favour hypotensive episodes and orthostatism and aggravate the glaucomatous optic neuropathy. The mechanisms that lead to the renal alterations are not yet elucidated and deserve further exploration. Clinically, a prospective placebo-controlled trial would be of interest to demonstrate whether salt supplementation or treatments that increase BP and salt conservation have a long-term impact on the preservation of the visual field in patients with early onset NPG.
